ABSTRACT The goal of this study was to test whether the breeding system and/or the degree of inbreeding of Þeld colonies of the Formosan subterranean termite, Coptotermes formosanus, Shiraki (Isoptera: Rhinotermitidae) inßuences bacterial load on the cuticle of foraging workers. We enumerated bacterial load on the cuticle of groups of workers foraging in 20 inground monitoring stations surrounding the French Market in New Orleans, LA, and identiÞed bacteria species using 16S rRNA gene sequencing. We used microsatellite genotyping to assign the 20 worker groups to seven simple family colonies (headed by a single pair of reproductives) and four extended family colonies (headed by multiple inbreeding reproductives) with a wide range of degrees of inbreeding. Workers from extended family colonies had a higher bacterial load than those from simple family colonies; however, bacterial load was not signiÞcantly correlated to the degree of inbreeding, possibly because of confounding factors in colony life history, such as age and/or size of colonies. Colonies with high bacterial load did not have a higher proportion of entomopathogens, and thus, bacterial load is not necessarily an indicator for disease risk. The majority of bacteria cultured from the cuticle of termites were soil bacteria with no known pathology against termites.
Termites are considered to be valuable model systems for studying risk of disease and social adaptations to reduce disease susceptibility. Termites nest and forage in an environment with high microbial density (decaying wood and soil), and the microclimate in the moisture-and temperature-controlled termite nest is conducive to the growth of microorganisms (Rosengaus et al. 1998, Stow and Beattie 2008) . Thus, termites are at increased risk for exposure to potentially pathogenic microorganisms (Rosengaus et al. 2003) . The risk of acquiring and spreading an infection is enhanced by the social lifestyle of termites. Nest mates live in close proximity and frequently engage in social interactions, such as trophallaxis and grooming, which lead to rapid transmission of microbes throughout a colony (Hamilton 1987 , Schmid-Hempel 1998 , Husseneder and Grace 2005 , Calleri et al. 2006 , Stow and Beattie 2008 . Therefore, termites need efÞcient defense mechanisms to combat infection and spread of pathogens.
To reduce the risk of infection and transmission of pathogens among colony members, termites have developed behavioral, biochemical, and immunological defense mechanisms. These defense mechanisms are summarized as "immunocompetence" (Owens and Wilson 1999) and include physiological immune responses at the individual level and social interactions to reduce infections and transmission at the group level (Rosengaus et al. 1998 (Rosengaus et al. , 1999 (Rosengaus et al. , 2000 (Rosengaus et al. , 2004 Rosengaus and Traniello 2001; Traniello et al. 2002; Schmid-Hempel 2005; Wilson-Rich et al. 2007) .
Inbreeding, i.e., mating with close relatives, is generally believed to have a negative impact on Þtness and immunocompetence (inbreeding depression) because of reduced genetic diversity (Charlesworth and Charlesworth 1987 , Haag et al. 2002 , Keller and Waller 2002 , Reid et al. 2003 . Inbreeding increases disease susceptibility in some species of social Hymenoptera (Liersch and Schmid-Hempel 1998, Tarpy 2003) ; however, the effects of inbreeding on the immune response and on pathogen resistance vary across invertebrate taxa (Stevens et al. 1997 Gerloff et al. 2003 .
Inbreeding is a common life history trait in most basal termite lineages and arises naturally during the colony life cycle (Vargo and Husseneder 2009) . Colonies are usually founded by a pair of dispersing reproductives, and in some cases, the colony founders themselves are closely related (Vargo et al. 2003 (Vargo et al. , 2006 . When the colony ages, colony founders are replaced by their own offspring, a common process that extends the life span and growth of a colony (Vargo and Husseneder 2009) . Mating among full siblings or with a surviving parent leads to high nest mate relatedness and reduced heterozygosity of the individuals within a colony (Thorne 1997) . Only a few studies have explored the relationship of inbreeding and survival in termites. DeHeer and Vargo (2006) observed a higher proportion of sibling pairs in precopulatory tandem pairs than in mature colonies of the Eastern subterranean termite Reticulitermes flavipes Kollar and inferred that inbreeding depression may reduce the number of colonies raised by siblings over time. Although inbred primary pairs in laboratory colonies showed initially a higher survival rate in the Formosan subterranean termite, Coptotermes formosanus Shiraki (Fei and Henderson 2003) and the dampwood termite Zootermopsis angusticollis Hagen (Calleri et al. 2005) , long-term survivorship and fecundity was decreased in C. formosanus (Fei and Henderson 2003) or not signiÞcantly different in Z. angusticollis (Calleri et al. 2005 ) compared with nonnestmate pairs. Subsequent research by Calleri et al. (2006) shed Þrst light on the relationship between inbreeding and immunocompetence in dampwood termites. These authors showed that members of inbred and outbred laboratory colonies of Z. angusticollis had a similar cellular immune response measured via encapsulation of nylon Þlaments and similar survival rate when exposed to bacterial pathogens or low doses of fungal conidia, regardless if they were kept in groups or as single individuals. Interestingly, inbred termites had higher cuticular microbial loads. Because the level of immune reaction on the individual level was not inßuenced by the degree of inbreeding, the authors concluded that the high microbial load was presumably caused by less effective grooming in inbred colonies (Calleri et al. 2006) .
In our study, we tested whether the Þndings of Calleri et al. (2006) concerning the higher microbial load in inbred colonies are applicable in Þeld colonies of another lower termite, the Formosan subterranean termite (FST), Coptotermes formosanus. Because the FST is an economically important invasive pest species in the southeastern United States, there is a need for developing chemical-free effective termite control techniques and early laboratory studies using entomopathogens as biological control agents against subterranean termites showed promising results (reviewed in Culliney and Grace 2000). However, their success in Þeld trials was not consistent (reviewed in Su and Scheffrahn 1998, Culliney and Grace 2000) , possibly because of the variation in individual-and group-level immune response. Because inbreeding depression can reduce immunecompetence, detailed knowledge about pathogen susceptibility in relation to colony breeding structure and degrees of inbreeding of Þeld colonies is necessary to explain the variability of control results in the Þeld and improve biocontrol. Similar to other subterranean termites, colonies of FST have two different breeding systems: (1) simple families headed by a pair of reproductives with degrees of relatedness ranging from unrelated to full sibling pairs and (2) extended families headed by multiple neotenic reproductives, which are the inbred offspring of the colony (Vargo and Husseneder 2009) . Degrees of inbreeding vary widely among colonies within each population depending on the relatedness of the primary pair in simple families and the numbers of inbreeding neotenics and generation turnovers in extended family colonies (Vargo and Husseneder 2009) . Therefore, FST is a good model for testing whether the results derived from laboratory studies in dampwood termites apply to Þeld colonies, e.g., whether high degrees of inbreeding correspond to high microbial load (Calleri et al. 2006) . In this study, we measured microbial load as the numbers of bacteria on the cuticle of FST workers, leaving the fungi for a separate study. In addition to testing for a relationship between breeding system and bacterial load, we also determined whether increased bacterial load is the result of a pathogen infection or a random colonization by diverse bacteria from the environment.
We tested the following hypotheses.
(1) Workers from extended family colonies have a higher cuticular bacterial load than workers from simple families. (2) Cuticular bacterial load is correlated to the degree of inbreeding within colonies. (3) Colonies with high bacterial loads carry a higher proportion of entomopathogens than colonies with low bacterial loads. Extended family colonies did indeed have a higher bacterial load; however, the other two hypotheses were rejected.
Materials and Methods
FST Samples. We collected Ϸ50 workers from 20 untreated inground monitoring stations surrounding the French Market of New Orleans, LA, in September 2006 (Fig. 1) . Each sample of workers was kept in a separate petri dish on Þlter paper moistened with sterile water and immediately transported to the laboratory for processing.
Bacterial Load. On return to the laboratory, the mouth and anus of 20 workers per sample were sealed with parafÞn (Quinlan and Hadley 2005) to prevent contamination of the surface by gut bacteria. Seals were checked under a dissecting scope by gently squeezing the termites with sterile forceps and observing if gut content was released. The termites were immediately placed in Eppendorf tubes with 1 ml of sterile liquid Brain Heart Infusion (BHI) medium (Difco), shaken, and centrifuged at 5,000rpm (2,500g) for 20 min at 4ЊC to collect bacteria from their exterior surface. Washed workers were subsequently preserved in 95% ethanol for DNA extraction and microsatellite genotyping. The bacterial solution was immediately subjected to dilution series and plated in triplicate on BHI solid medium; the plates were incubated at 30ЊC overnight. The number of colony forming units (CFUs) was determined using the countable plates of the lowest dilution, and the average microbial load per worker in each sample was calculated accounting for the dilution factor.
DNA Extraction and Microsatellite Genotyping. Using the DNeasy Tissue Kit (Qiagen, Valencia, CA), DNA was extracted from individual termite workers. Twenty workers from each of the inground stations were scored at seven microsatellite loci (Cf 41A:2-4, Cf 4-4, Cf 4-9A, Cf 4-10, Cf 10-4, Cf 8-4, Cf 12-4). Allele sizes and sequences and protocols for microsatellite genotyping are published in Vargo and Henderson (2000) . Number of alleles per locus ranged from four to six. Mean observed heterozygosity for all loci (0.62, SD ϭ 0.06) across all samples was not signiÞcantly different from the expected heterozygosity (0.66, SD ϭ 0.06, P ϭ 0.16, Wilcox signed ranks test, SPSS version 15.0 for Windows; SPSS, Chicago, IL). Previous studies already established the independent assortment of alleles, their Mendelian inheritance, and conformance to Hardy Weinberg equilibrium at the population level and thus the usefulness of these loci for identiÞcation of FST colonies and their breeding system (Vargo et al. 2003 (Vargo et al. , 2006 Husseneder et al. 2005a Husseneder et al. , 2007 Husseneder et al. , 2008 Aluko and Husseneder 2007; Simms and Husseneder 2009) .
Colony Affiliation, Breeding System, and Level of Inbreeding. The analyses are described in detail in previous studies (Vargo et al. 2003 (Vargo et al. , 2006 Husseneder et al. 2005a Husseneder et al. , 2007 Husseneder et al. , 2008 Aluko and Husseneder 2007) . Termite samples collected from the 20 inground stations were assigned to either the same or different colonies through tests for signiÞcant genotypic differentiation by means of a permutation test with Bonferroni corrections using the program FSTAT (Goudet 2001). Colony afÞliations were conÞrmed by the presence or absence of private alleles, i.e., alleles only occurring in the multilocus proÞle of one of the samples but not the other. If multiple samples were assigned to the same colony, intracolonial genetic differentiation was calculated using pairwise F ST values between samples (coefÞcients of inbreeding of the sample versus the total population; FSTAT) as measurement of genetic distance. Genetic distance was tested for correlation to the geographical distance between sample stations using Mantel tests (999 permutations, TFPGA 1.3; Miller 1997) .
Genotypic frequencies of the workers in each colony were used to determine whether colonies were headed by a single pair of reproductives (simple family colonies, genotypes in Mendelian ratio) or multiple reproductives (extended family colonies, genotypic frequencies deviate from the expected Mendelian ratios, G-test for goodness-of-Þt summed across all loci). To further characterize the breeding system, the coefÞcients of inbreeding of individuals versus sample groups and colonies (F IC ) were calculated (FSTAT). These methods used for characterization of the breeding systems in subterranean termites have been previously described in detail (Husseneder et al. 2005a (Husseneder et al. , 2007 (Husseneder et al. , 2008 Vargo et al. 2006; Vargo and Husseneder 2009) . Two-tailed Mann-Whitney U tests (SPSS) were used to test for differences in bacterial load and F IC values between the different breeding systems. PearsonÕs correlation R 2 (SPSS) was used to test for correlation between bacterial load and F IC values.
Identification of Bacteria Species. Bacterial DNA was extracted from the samples with the lowest (stations FM2, 9, and 47) and highest (stations FM60, 71, and 94; Table 1) bacterial load using the QIAGEN DNeasy tissue kit. The 16S rRNA gene was ampliÞed from the extracted DNA by polymerase chain reaction (PCR) using AmpliTaqDNA polymerase (Biolase) and a GeneAmp 9700 PCR System. Each 50 l PCR reaction contained 1.0 l of the DNA extract, 10.0 l of 5ϫ PCR buffer (300 mM Tris-HCl, 75 mM NH 4 SO 4 ), 17.5 mM MgCl 2, pH 8.5, 5 l of dNTPs (2 mM of each), 1.6 U Taq, 31.8 l of ddH 2 0, and 1 M of the universal eubacterial primers corresponding to the positions on the E. coli 16S rRNA gene 27F and 1492R (Lane 1991 , Hugenholtz et al. 1998 ). The PCR cycling regimen was as follows: 2 min of the initial denaturation at 95ЊC followed by 24 cycles at 95ЊC for 30 s, 50ЊC for 1 min, and 74ЊC for 4 min, and a Þnal elongation step at 74ЊC for 10 min. The correct PCR product size (Ϸ1.4 kb) was conÞrmed by electrophoresis on a 1% agarose gel with a size standard ladder. PCR clean-up was completed with a QIAquick PCR PuriÞcation Kit (Qiagen).
The PCR products were sent to University of Florida ICBR (Interdisciplinary Center for Biotechnology Research, Gainesville, FL) for bi-directional sequencing using the primers 27F and 1492R. The full gene was assembled aligning the forward and backward se- N o r t h P e t e r s F r e n c h M a r k e t P l a c e Fig. 1 . Location, colony afÞliation, and breeding system of forager groups of the Formosan subterranean termite sampled in 2006 from the French Market, New Orleans. f, simple family colonies; Ⅺ, extended family colonies; colony identiÞcation numbers (Table 1) are written inside boxes.
quences. The closest known relatives were identiÞed by performing database searches using the National Center for Biotechnology Information (NCBI). Sequences were uploaded from NCBI, aligned using the CLUSTAL X program (Thompson et al. 1997) , and edited manually using the BIOEDIT program (Hall 1999) . Bacteria cultured from the cuticle of termites in this study were assigned to species if they showed a sequence similarity of 99% and higher to sequences of bacteria identiÞed in public databases.
Results
The goal of this study was to test whether microbial load of termites is inßuenced by the colony breeding system and/or the degree of inbreeding in Þeld colonies of FST. As a Þrst step to achieving this goal, we assigned termite samples to colonies and described the colony size and structure. Permutation tests of the distribution of genotypes between most of the samples showed signiÞcant pairwise differentiation at the 5% level. Differentiation between these samples was conÞrmed by the presence of at least 2 to 12 private alleles. The foraging termites in the 20 untreated inground monitoring stations belonged to 11 distinct colonies (Fig. 1) .
The maximum distance between inground stations containing foragers from the same colony was 115 m (FM 2, Table 1; Fig. 1 ). Although the genotypic frequencies did not differ among groups of foragers in this colony (P Ͼ 0.05, permutation tests, FSTAT), the genetic distances (F ST ) among samples were slightly greater than zero (F ST , mean ϭ 0.053, SD ϭ 0.043, t ϭ 3.91, df ϭ 9, P ϭ 0.004, one-sample t-test; SPSS). Furthermore, the genetic distances correlated with the geographic distance between the forager groups from this colony (Mantel test r ϭ 0.97, P ϭ 0.018, n ϭ 10 pairwise comparisons). The genetic distances among samples from the foraging area of the same colony were signiÞcantly smaller than the genetic distances between colonies (mean ϭ 0.225, SD ϭ 0.098, P Ͻ 0.0001, two-tailed Mann-Whitney U; SPSS), conÞrming that the samples originated from forager groups of the same colony and not from different colonies.
To be able to test whether the colonies breeding structure inßuences bacterial load, we characterized each colony by their breeding system (simple and extended families) and determined the degrees of inbreeding (F IC ). Of the 11 identiÞed colonies, 7 colonies (64%) were identiÞed as simple families headed by a pair of reproductives based on genotypes con- Each sample consists of a group of foragers in an inground station; CFU/worker is bacteria colony forming units per worker; E designates extended family colonies headed by multiple inbreeding neotenics; S designates simple family colonies headed by a pair of reproductives. SD of the bacterial load within samples are based on three technical replications; SD of colonies (bold) represents biological variation among the different groups of foragers (samples) from the same colony.
Þrming to Mendelian laws. Four colonies (36%) were extended families headed by multiple reproductives because they had genotypes signiÞcantly deviating from Mendelian ratios. Degrees of inbreeding (F IC ) varied widely among colonies, ranging from outbred simple families probably headed by a pair of unrelated colony founders (F IC highly negative) to inbred extended family colonies headed by multiple neotenics (F IC close to zero; Table 1 ).
Similar to the degrees of inbreeding, there was also a large variation in the bacterial load among and even within colonies. In the colony with the largest foraging area (FM2; Fig. 1; Table 1 ), bacterial loads varied from 10 3 to 10 5 among forager groups. Bacterial load was signiÞcantly higher in extended families than in simple families (Z ϭ Ϫ2.079, P ϭ 0.042, two-tailed MannWhitney U test; Table 1 ). As expected for colonies headed by inbreeding neotenics, F IC values were signiÞcantly higher in extended families than simple families (Z ϭ Ϫ2.273, P Ͼ 0.024, two-tailed Mann-Whitney U test); however, bacterial load did not signiÞcantly correlate with F IC values on colony level (n ϭ 11, PearsonÕs R 2 ϭ 0.104, P Ͼ 0.20) or on sample level (n ϭ 20, R 2 ϭ 0.020, P Ͼ 0.20). Similarly, no correlation was found between bacterial load and F IC when treating the breeding systems separately (P Ͼ 0.20 for samples from both simple and extended families).
To determine whether a high microbial load is actually a sign of pathogen infection, we compared the composition of bacteria species that were cultured from samples with the highest bacterial load (FM60, 71, and 94) to the bacteria composition of samples with the lowest bacterial load (FM2, 9, and 47; Table 1 ). Overall, we detected 25 ribotyes (i.e., bacteria with different 16S rRNA gene sequences) colonizing the surface of the foraging workers of FST (Table 2) . Sequence similarities Ն99% to sequences in public databases (NCBI) allowed us to identify nine known bacteria species among the cultured colonies; four of these were represented by multiple strains (Lactococcus garvieae, Salmonella bongori, Bacillus thuringiensis, B. cereus). Four cultured bacteria could be assigned to the level of genera (Lactococcus sp., Bacillus sp. Enterobacter sp.), and three were assigned to a family or class (Enterobacteriacaea, Actinobacteria). The remaining Þve cultured strains remained unidentiÞed (uncultured bacterium clones in Table 2 ).
Two strains of the most dominant bacteria species, L. garvieae (Ͼ100 CFUs), were present in both the termite samples with high and low bacterial load. The second most dominant species, Enterobacter asburiae (13 CFUs), was only present in samples with high bacterial loads, the same as E. aerogenes, Escherichia coli, and Trabulsiella guamensis. The six Bacillus strains (7 CFUs), including B. cereus and B. thuringiensis, were found only in forager groups with low bacterial loads ( Table 2) . Bacterial species were identiÞed by sequence similarities of Ն99% to sequences in GenBank listed with their accession no.
Discussion
This study showed that the bacterial load of foraging FST workers is inßuenced by the breeding system of the colony: workers from extended family have a higher bacterial load than those from simple family colonies. The relative proportions of the two breeding systems in the study population and the variation of the levels of inbreeding within colonies (Table 1) lie within the range reported from other populations of the FST (Vargo and Husseneder 2009) . Comparison of the inbreeding coefÞcients to computer simulations of various breeding systems of termites (Thorne et al. 1999 , Vargo et al. 2006 conÞrmed that extended family colonies contained inbreeding neotenics, which is the rule in FST (Vargo and Husseneder 2009) . In contrast, simple families were on average less inbred because a large proportion is founded by unrelated alate-derived pairs (Husseneder et al. 2006, Husseneder and Simms 2008) . Rosengaus et al. (2003) previously reported very low bacterial loads on the cuticle of three drywood termite species (Ͻ4 CFU/cm 2 ) but signiÞcantly higher loads in the dampwood termites Z. angusticollis (200 CFU/cm 2 ). To compare our data to these results, we estimated the surface area of a FST worker to be 0.26 cm 2 , using the same method (MeehÕs formula) that Rosengaus et al. (2003) used: surface area (cm 2 ) ϭ k ϫ W2/3 (with k ϭ 12 as a speciÞc constant for termites and W ϭ 0.003 g as the average weight of a worker; Husseneder et al. 2008) . After conversion, the bacteria density on the surface area of a worker in our study ranged from 6.5 ϫ 10 3 (FM2) to 8.1 ϫ 10 6 CFU/cm 2 (FM71) and was thus magnitudes greater than what was observed in Z. angusticollis. The bacterial load on the surface of FSTs falls in the range of bacterial density of human skin, which can be as high as 10 7 /cm 2 (Fierer et al. 2008 ). As hypothesized, workers from extended families had a higher microbial load than workers from simple families. We expected this result based on the Þndings of Calleri et al. (2006) that inbred laboratory colonies of dampwood termites have a higher microbial load, presumably because of less efÞcient grooming. However, the explanation for our results is not as straightforward. Although extended families are characterized by a higher level of inbreeding than simple families because of incestuous reproduction, surprisingly, the microbial load was not signiÞcantly correlated to the degree of inbreeding. The correlation coefÞcient suggests that only 10% of the variation in bacterial load among colonies can be attributed to the degree of inbreeding.
Additional factors connected to the life history of extended family colonies must be responsible for the increase in bacterial load. It is plausible to assume that extended families are on average older (they have gone at least through one generation turnover when replacing the founder pairs by neotenic offspring) and larger (because multiple queens likely produce more offspring than a single queen), although not enough studies have been done to conclusively support these assumptions (Vargo and Husseneder 2009 ). Grooming and foraging are both mutually exclusive behaviors. If a colony is large, and the nutritional needs are therefore high, workers possibly dedicate more time and effort to foraging for food than to auto-or allogrooming. The body size principle (Hart et al. 1992 ) predicts that more grooming effort is required in smaller animals, because they have a higher surface area/mass ratio than larger animals. Workers tend to be smaller in extended family colonies, especially in those with a high number of reproductives (Husseneder et al. 2008) . If time spent on grooming and efÞciency of grooming is the same in simple and extended family colonies, the larger surface/mass ratio of workers in extended families might explain the higher microbial load.
A high bacterial load might not necessarily have a negative effect on the Þtness of the colony. The majority of the bacteria species cultured from the cuticle of FST workers were known soil bacteria (possibly picked up in the nest environment or during foraging) with no known pathogenicity to termites. The most dominant bacteria species colonizing the termite surface was Lactococcus garvieae. This facultative aerobic fermenter has been found in intestinal tracts of many insect species ( ) have been previously cultured from the guts of subterranean termites, although they do not seem to be among the dominant gut fauna, which consists mainly of uncultured bacteria from termite speciÞc lineages (Shinzato et al. 2005 , Husseneder et al. 2010 .
Termites with low bacterial load carried sporeforming Bacilli. The most common species, Bacillus cereus, is very adaptable to different growth conditions and is thus widely distributed in the environment, colonizing the soil, rhizospheres of plants, and insect guts (Vilain et al. 2006) . In cockroach and termite guts, B. cereus exhibits a special intestinal growth Þlamen-tous form that facilitates attachment to the gut epithelium (Margulis et al. 1998 ). The antibiotics produced by B. cereus are active against a wide range of fungi and bacteria and are known to inhibit growth of plant pathogens (Silo-Suh et al. 1994 ). In our study, B. cereus was only found on termites with a low bacterial load, which suggests that B. cereus might cause similar inhibitory effects as reported in plants. However, an actual causeÐ effect relationship between the presence of Bacilli on the termite cuticle and the observed low number of bacteria would have to be tested in future experiments. Bacillus cereus and B. thuringiensis, a closely related bacterium and the most commonly used biopesticide, produce nonproteinaceaous insecticidal exotoxins (Perchat et al. 2005) . In addition, B. thuringiensis produces intracellular protein crystals toxic to a wide number of insect larvae (Lepidoptera, Diptera, and Coleoptera, Schnepf et al. 1998 ). However, B. thuringiensis ␦-endotoxins did not cause signiÞcant mortality in subterranean termites, possibly because their neutral gut environment prohibited the solubilization and activation of the protoxin, a process that requires high pH (Grace and Ewart 1996) . Therefore, there is no evidence to date that strains of Bacillus would be termite pathogens. In fact, although some bacteria are opportunistic pathogens to higher organisms (B. cereus, E. coli, Salmonella bongori, C. amalonaticus), none of the bacteria found in this study colonizing the termite cuticle have a conÞrmed strong pathogenicity in termites. Therefore, a high bacterial load is not necessarily an indication for increased disease risk in termites.
